Background
==========

Malaria transmission is spatially heterogeneous over all geographical scales. At a global level, countries or regions experience varying levels of transmission \[[@B1]\]. Within these regions, transmission is clustered into foci. While the size may vary, the term "focus" is typically used to describe an area of several square kilometres that supports malaria transmission. Within foci, transmission is found to be heterogeneous across smaller units, termed hotspots, which may be a single household or group of households that experience higher than average exposure to infectious mosquitoes \[[@B2]-[@B4]\]. While large- and medium-scale patterns of transmission are driven by variations in climate and ecology, the increased risk of exposure observed in hotspots is likely caused by factors such as the proportion of children present, host-genetic polymorphisms, socio-economic status, use of vector control measures, type of housing and micro-environmental factors \[[@B5]-[@B11]\]. Evidence suggests that targeting malaria control interventions to hotspots can have a more dramatic impact on transmission than untargeted introduction of control efforts \[[@B4],[@B12]-[@B14]\]. Active case detection (ACD), in the form of mass screen and treat (mass blood surveys) campaigns, may be an effective method to detect and treat individuals in hotspots and is being (re)-explored for malaria control and elimination \[[@B15]-[@B20]\].

ACD currently relies on rapid diagnostic tests (RDT) or microscopy to identify infected individuals. There is, however, a growing body of evidence that shows that these diagnostic tests miss a substantial proportion of malaria infections in endemic areas compared to PCR\[[@B21],[@B22]\], primarily due to the difficulty of detecting low parasite densities \[[@B23]-[@B27]\]. A recent study estimated that in very low prevalence settings, subpatent infections comprise 70-80% of all malaria infections and are responsible for 20-50% of all human-to-mosquito infections \[[@B22]\]. Without treatment, these highly prevalent, low density infections are likely to sustain malaria transmission.

Using aggregated survey prevalence estimates, Okell *et al*. found a positive relationship between transmission and parasite density, with the proportion of infections that are subpatent being highest in low transmission settings \[[@B22]\]. This suggests that at a medium-scale and in high transmission areas, microscopy and RDTs will display adequate sensitivity for the targeting of interventions. It is however, not clear whether this relationship between transmission and parasite density seen in larger geographical areas exists over smaller scales, such as within villages. A better understanding of this issue is important for the detection, and subsequent management, of malaria hotspots.

This study has used intensive cross-sectional sampling in north-western Tanzania to examine household-level heterogeneity in parasite exposure and density. The data obtained were used for simulations of different screen and treat strategies to maximize impact on subpatent malaria infections.

Methods
=======

Study site
----------

Misungwi district (latitude 2.85000 S, longitude 33.08333 E) is located in the north-west of Tanzania at an altitude of 1,178 m above sea level. The district has a moderate level of malaria transmission (meso-endemic). The district has two annual rainy seasons, the long rains between February and May and the short rains between November and December. The dry and relatively hot season is June to September. Transmission intensity has a seasonal cycle, with peaks in malaria incidence one to two months after the rains start. The district is situated 60 km from Mwanza town; the prevalence of malaria infection in the region is estimated to be 31.4% by microscopy during a Demographic and Health Survey (DHS).

The population of the district is 308,134, living in 37,468 households, 18.1% of whom are aged five years or under. The district is rural with an economy based around cotton production, rice plantation and fishing from Lake Victoria. The district has a total of 19 wards.

Sample collection
-----------------

A census of four villages in a single ward was carried out between August and November 2010 (Figure [1](#F1){ref-type="fig"}). Every household was visited and mapped by GPS. All individuals in the ward were invited to participate in the study. For those who were not present, the head of household gave information on their age, sex and ITN use. Every household was visited and mapped by GPS. Individuals who consented to join the study were asked to provide a finger-prick sample of blood into Whatman® standard 3mm filter paper for parasite detection and had their temperature measured by digital thermometer. Any subject who reported a fever within the previous 24 hours was tested for malaria using a histidine-rich protein 2 (HRP2) rapid malaria diagnostic test (RDT, *Paracheck*-*Pf*®, Orchid Biomedical Systems, Goa, India) and referred to a study clinician for management of their febrile illness. Filter papers were dried overnight and stored individually with desiccant at −20°C for later molecular analysis.

![**Location of the study site within Tanzania(inset map)and distribution of households included in the study(red points),showing local topography and road network(yellow lines).**](1475-2875-12-221-1){#F1}

Molecular estimation of parasite prevalence and density
-------------------------------------------------------

DNA was extracted from filter papers using the Chelex®(Sigma, USA) extraction method described previously \[[@B28]\] in 96-deep well plates. Parasite DNA was detected using nested PCR (nPCR) targeting the 18S rRNA gene as previously described \[[@B29]\]. Parasite density was estimated for all positive PCR samples using a quantitative PCR (qPCR) using the methods of Beshir *et al*. \[[@B30]\] with the following modifications. Duplex 10 mL reactions amplifying both human (b-tubulin) and *Plasmodium* (Met tRNA gene) targets were run in duplicate for each sample in a 354-well format ABI qPCR machine, model 7500. DC~T~ values between the two targets were estimated for each sample and the mean DC~T~ of duplicate wells normalized to the within-run quantitative standard, comprising the WHO International Standard for *Plasmodium falciparum* DNA (IS) \[[@B28],[@B31]\], and representing 500 parasites mL^-1^. The ratio of parasite density in the sample relative to the IS was then multiplied by 500 parasites mL^-1^ to obtain the estimate of parasite density. Any samples that were negative by qPCR but positive by nPCR were assigned an arbitrary parasite density value of half the minimum density detected.

Household exposure
------------------

Household exposure to malaria infection was estimated using distance weighted local prevalence of malaria infection (detected by PCR) \[[@B32]\]. This method calculates parasite prevalence amongst all neighbouring households within 1 km of the index house, weighting the prevalence estimate according to the inverse of the distance of neighbouring households to the index. Olotu *et al*. showed that this method provides a suitable index for exposure, as it was predictive of individual infection in the index household \[[@B32]\].

Modelling relationship between household exposure and parasite density
----------------------------------------------------------------------

Due to the distribution of the parasite density data, parasite density was modelled as a binary outcome; subpatent (\> 0 and \<100 parasites/μl) 1; patent (\>100 parasites/μl) 0. This classification was based on the density typically quoted as the detection limit for RDTs \[[@B33]\]. Uninfected individuals were not included in the analysis. Both household exposure and individual age were explored as explanatory variables in univariate logistic regression. Variables were retained in a multivariate model if they were significant at the 10% level. To explore a possible non-linear relationship with household exposure and age, these variables were also categorized. Household exposure was split into quartiles based on the distribution of distance-weighted PCR prevalence: \< 26.3%; 26.4-31.7%; 31.8-39.8%; and \> 39.8%. Age in years was categorized into five groups: \< 5; 5--10; 11--20; 21--40; and \> 40 years. Model fit using categorized *versus* continuous values of household exposure and age was compared using Akaike Information Criterion (AIC) values and likelihood ratio tests.

Simulating different screen and treat approaches
------------------------------------------------

In order to estimate the number of infections that would be detected by RDT and treated accordingly, and to explore whether it was possible to increase the proportion of PCR positives that would be correctly treated using RDTs, simulations of targeted mass drug administration (tMDA) were conducted. This system works by first defining a threshold household prevalence. In households where the prevalence of infection by RDT exceeds this threshold, all individuals in that household are treated irrespective of their RDT result. For example, if the threshold was set at 50%, all individuals in households where at least 50% tested positive by RDT would be treated. Simulations using thresholds of 10%-100%, in increments of 10%, were conducted. Using the parasite density estimates obtained from the qPCR, individuals were assumed to test positive to an RDT if they had a parasite density of \>100 parasites/μl. Simulations using detection limits of 50 parasites/μl and 200 parasites/μl were also run for comparison. These represent a more ideal detection limit and the lowest density used by WHO in quality control tests respectively \[[@B34]\]. This simple cutoff approach was used as opposed to modelling the relationship between PCR and the RDT data, as RDTs were only used on individuals with reported recent fever.

Results
=======

PCR data
--------

The census revealed that approximately 3,800 individuals lived in the 4 study villages. Dried blood spots were collected from 3,057 individuals (80.4%) and 52.7% of participants were male. Overall prevalence of infection by nPCR (two rounds of amplification) was 35.2%. The single round qPCR was less sensitive, as expected, such that 601 of the 1,078 nPCR positives were negative by qPCR. For the purpose of further analysis and simulations, these were assigned a density value of half the minimum density (eight parasites/μl) of the 477 samples that tested positive by qPCR. Having corrected for qPCR negative/nPCR positive samples, geometric mean density of infection was 153 parasites/μl (range 8--532,001 parasites/μl); 56.2% of infections (n = 606) were of a density \<100 parasites/μl.

Household exposure
------------------

Mean household exposure as estimated by distance-weighted nPCR prevalence was 34.5% (range 0--94.7%). Figure [2](#F2){ref-type="fig"}A, which shows exposure for each household in the study site, illustrates that exposure was spatially heterogeneous with highest exposure households clustering in a central hotspot in the study area.

![**Micro**-**epidemiology of infection in the study region. A** - Household exposure estimated using distance-weighted PCR prevalence with a 1-km window. **B** - mean household parasite density (infected individuals only).](1475-2875-12-221-2){#F2}

Density of infection in relation to exposure and age
----------------------------------------------------

Parasite infection densities displayed a negative spatial relationship with exposure, with mean infection densities being lowest in the highest exposure households and *vice versa* (Figure [2](#F2){ref-type="fig"}A and [2](#F2){ref-type="fig"}B). Figure [3](#F3){ref-type="fig"}A shows the relationship between household exposure and parasite density, suggesting that infection densities decreased with increasing household exposure. This was reflected in the distribution of infections below 100 parasites/μl (hereafter "subpatent") across exposure categories (Figure [3](#F3){ref-type="fig"}B), with 30.5% of infections being subpatent in the lowest exposure households and 79.9% of infections being subpatent in the highest exposure households. Figure [3](#F3){ref-type="fig"}C shows the relationship between density of infection and age group, which suggests a non-linear relationship. This was reflected in the distribution of subpatent infection across age groups (Figure [3](#F3){ref-type="fig"}D), with the proportion of infections being subpatent lowest in the five to ten year olds (45.4%) and highest in those \> 40 years old (79.9%).

![**Relationship between parasite density and household exposure. A** -- Boxplot of log transformed parasite densities over different exposure categories (based on quintiles). Black lines indicate median values, red lines indicate mean values. **B** -- The proportion of subpatent (\<100 parasites/μl) infections over different exposure categories. **C** -- Boxplot of log transformed parasite densities over different age categories. **D** -- The proportion of subpatent (\<100 parasites/μl) infections over different age categories.](1475-2875-12-221-3){#F3}

Modelling parasite density
--------------------------

Results of univariate logistic regression supported the observed positive association between household exposure and subpatent infection (OR 1.08, 95% CI 1.06-1.1 p \< 0.001) (Table [1](#T1){ref-type="table"}). AIC values and a likelihood ratio test suggested that including household exposure as a linear predictor provided a better model fit than including exposure as a categorical variable. Including age as a categorical variable provided a better model fit than when age was included as a continuous variable, with the odds of an infection being subpatent being lower in five to ten year olds (OR 0.52, p \< 0.01) and higher in \> 40 year olds (OR 3.03, p \< 0.001) compared to under five year olds. When included together, both household exposure and age group remained significant predictors, showing similar relationships to those found with univariate regression (Table [1](#T1){ref-type="table"}).

###### 

Results of the univariate and multivariate logistic regression of determinants of parasite density

  **Variable**                                 **Univariate**            **Multivariate**
  ------------------------ ------------------- ------------------------- --------------------------
  Household exposure (%)                       1.08\* 1.06-1.1 \<0.001   1.09\* 1.07-1.11 \<0.001
  Age group (years)                                                       
    \<5                    128 / 227 (56.4%)   1                         1
    5-10                   163 / 359 (45.4%)   0.52 0.33-0.82 \<0.001    0.58 0.37-0.91 0.02
    11-20                  141 / 244 (57.8%)   1.03 0.63-1.7 0.89        1.18 0.71-1.94 0.51
    21-40                  69 / 106 (65.1%)    1.65 0.88-3.09 0.12       1.77 0.94-3.32 0.08
    \>40                   105 / 142 (73.9%)   3.03 1.65-5.59 \<0.001    3.46 1.87-6.37 \<0.001

Parasite density was modelled as a binary outcome; sub-patent (\> 0 and \<100 parasites/μl) or patent (\>100 parasites/μl).

\*Per percentage point.

Simulation of different treatment approaches
--------------------------------------------

Simulations of treatment decisions using different household prevalence thresholds to trigger household delivery of tMDA showed that, as expected, decreasing the threshold led to an increase in the proportion of infections that would be treated (Figure [4](#F4){ref-type="fig"}). For example, if a threshold of 0.2 was used, the proportion of infections treated increased from 43 to 55%. However, this led to a corresponding increase in the number of treatments administered from 472 (15.4% of the population) to 1,035 (33.9% of the population), with a decrease in the proportion of treatments that would be correctly administered from 100 to 43% (Figure [4](#F4){ref-type="fig"}). Results were similar if the detection limit for RDT was assumed to be 50 or 200 parasites/μl.

![**Results of the tMDA simulations assuming different intervention thresholds.** The black line represents the percentage of infections that would be correctly treated. The grey line represents the percentage of treatments that would be correctly administered to true positives. The red dashed line indicates the number of treatments that would be administered.](1475-2875-12-221-4){#F4}

Discussion
==========

This paper investigates the micro-epidemiology of *P*. *falciparum* infection in a rural community in north-western Tanzania, exploring the relationship between parasite density and exposure (distance-weighted parasite prevalence), using a novel application of qPCR on DNA from filter-paper blood-spots. In contrast to studies conducted over larger geographical areas, this study found that in a moderate transmission setting, at the household level, the proportion of infections defined as subpatent is positively associated with exposure. If similar findings are found in other settings, this suggests that microscopy and RDTs are unlikely to have adequate sensitivity to identify transmission hotspots where acquired immunity allows people to control infections to very low densities; yet these are the exact places one needs to detect cases during a mass screen and treat campaign. Simulations showed that the proportion of infections that are correctly identified and treated can be increased using tMDA. However, this approach still misses a large proportion of infections, suggesting that MDA of entire foci may be required for interruption of transmission.

Results of qPCR analysis showed that 56.2% of infections were of a density \<100 parasites/μl, the density typically quoted as the limit of detection for routine microscopy and RDTs. This finding fits with the analysis of Okell *et al*. who estimated that where prevalence of infection is 35% by PCR, around 60% of infections are missed by microscopy \[[@B22]\]. This study found that, controlling for age, parasite density showed a negative relationship with exposure. Such a finding is supported by Clarke *et al*., who showed that with increasing proximity to the River Gambia, the prevalence of infection increased but the density of infection decreased \[[@B35]\]. These micro-epide-miological patterns are markedly different from patterns between endemic regions where lower endemicity is related to lower average parasite density and a larger proportion of infections that are below the microscopic threshold for detection \[[@B22]\].

Multiple factors can influence the relationship between parasite exposure and the density of blood stage infection, and these factors may be more or less apparent at different spatial scales. Potential explanations for a negative association between exposure and parasite density within a focus, seen in this study at a microscale, is that highly exposed individuals acquire greater blood stage immunity, controlling parasite densities more effectively \[[@B36]\]. On the other hand, an explanation for a positive association between exposure and parasite density across different foci, as simulated by Arnot *et al*. \[[@B30]\] is that differences in the age of infection may over-ride the influence of exposure-related immunity. In addition, it is likely that parasite diversity is lower in foci of lower transmission, potentially enhancing the acquisition of immunity to circulating strains \[[@B30],[@B37]\].

If, over small geographical regions, density of infection is indeed lowest among those at highest exposure, there are substantial implications for mass screen and treat campaigns that plan to rely on RDTs for diagnosis. As this data suggest, due to a positive association between RDT sensitivity and parasite density, RDTs are likely to display lowest sensitivity in transmission hotspots. Failure to properly target individuals in hotspots may allow transmission to persist. Use of more sensitive diagnostics might be able to circumvent this problem. However, those currently available, such as PCR and LAMP, are not yet practical for widespread routine field use (Gadalla and Mosha, in prep), and point of care serological tests, that may be able to differentiate hotspot households, remain in development. An alternative approach, extrapolating from qPCR data of this study, is to target MDA to those households with highest prevalence of infection by RDT. The simulations show that such an approach increases the proportions of true positives who would be treated. However, even with a threshold of 10% prevalence of RDT positives in a household, where nearly half the population would be treated, an estimated 36.5% of infections would still go untreated.

The importance of the subpatent asymptomatic parasite pool rests on the understanding that subpatent infection can transmit malaria. While subpatent infections are known to transmit infection \[[@B38],[@B39]\], the absolute density of infection necessary to transmit is unknown. nPCR is typically able to detect infections down to approximately one parasites/μl using dried blood spots, which equates to approximately 5,000,000 parasites in an adult. Presumably there are many infections below this threshold that were not detected. Whether to screen and treat using a more sensitive tool or to institute MDA without targeting requires a better understanding of the minimum density of malaria parasites that result in human-mosquito transmission, as well as the comparative costs and operational ease of different approaches.

This study has several limitations. Firstly, the qPCR method applied here is novel, as this is the first study to use qPCR on filter-paper blood-spot DNA to provide an estimate of parasite density in a cross-sectional survey. This was achieved without having to measure the volume of blood used in the assay. This method is yet to be fully validated on filter-paper samples from the field; further, the parasite target used is pangenus, and some contribution from *Plasmodium malariae* and *Plasmodium ovale* spp. to the density estimates cannot be ruled out \[[@B24],[@B30]\]. Secondly, RDTs do not have a clear-cut detection limit but show a smoother decline in sensitivity as parasite density drops. Reliable, randomly sampled RDT data were, however, not available, as RDTs were only used on individuals with reported recent fever. The use of a simple RDT detection limit (100mL^-1^) may overestimate the numbers of infections that would be missed, but would not change the overall finding that RDT sensitivity is likely to be least adequate in hotspot households. Thirdly, it is possible that PCR produced some false negatives and false positives which could affect conclusions. That said, false negatives would presumably be due to very low density infections which likely play a minor role in transmission. False positives are unlikely, but may have arisen due to contamination, although all steps were taken to minimize this possibility. Lastly, assumptions were made that, distance-weighted PCR prevalence provides a suitable estimate of exposure and location of hotspots. This assumption is based on the study by Olotu *et al*. \[[@B32]\], which showed that distance-weighted prevalence was a good predictor of household infection. It would be interesting to explore whether these findings hold using alternative methods to measure exposure, such as Entomological Inoculation Rate (EIR), but it was not possible to make these measurements in this study. Assuming transmission hotspots are stable over time, serology may also help to identify hotspot households.

Conclusion
==========

This study has examined the micro-epidemiology of malaria, exploring the spatial relationship between parasite prevalence and density using molecular methods of detection, in a site with moderate transmission of *P*. *falciparum* in Tanzania. The study found a negative relationship between density of infection and exposure, with the proportion of subpatent infections increasing with increasing exposure. Simulations of different tMDA strategies suggest that treating all individuals in households where RDT prevalence was above 20% would increase the number of infections treated from 43 to 55%. However, 45% of infections would remain untreated, suggesting that community-wide MDA may be needed to successfully treat the asymptomatic parasite reservoir in communities such as the one studied.
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